The cardiac manifestations of chronic obstructive pulmonary disease (COPD) are numerous. Impairments of right ventricular dysfunction and pulmonary vascular disease are well known to complicate the clinical course of COPD and correlate inversely with survival. The pathogenesis of pulmonary vascular disease in COPD is likely multifactorial and related to alterations in gas exchange and vascular biology, as well as structural changes of the pulmonary vasculature and mechanical factors. Several modalities currently exist for the assessment of pulmonary vascular disease in COPD, but right heart catheterization remains the gold standard. Although no specific therapy other than oxygen has been generally accepted for the treatment of pulmonary hypertension in this population, there has been renewed interest in specific pulmonary vasodilators. The coexistence of COPD and coronary artery disease occurs frequently. This association is likely related to shared risk factors as well as similar pathogenic mechanisms, such as systemic inflammation. Management strategies for the care of patients with COPD and coronary artery disease are similar to those without COPD, but care must be given to address their respiratory limitations. Arrhythmias occur frequently in patients with COPD, but are rarely fatal and can generally be treated medically. Use of b-blockers in the management of cardiac disease, while a theoretical concern in patients with increased airway resistance, is generally safe with the use of cardioselective agents.
The cardiovascular sequelae of chronic obstructive pulmonary disease (COPD) have been recognized for decades (1) . The spectrum of cardiovascular disease includes right ventricular (RV) dysfunction, pulmonary hypertension (PH), coronary artery disease (CAD), and arrhythmias (2) . Pulmonary vascular disease associated with COPD increases morbidity and worsens survival (1, (3) (4) (5) (6) (7) (8) . Patients with COPD also carry an increased risk of mortality due to arrhythmia, myocardial infarction, or congestive heart failure compared with those who do not (2, 3, 9) . The Lung Health Study showed that a substantial proportion of deaths in patients with mild COPD was the result of cardiovascular complications, and a recent large epidemiologic study revealed increased cardiovascular mortality, particularly in patients younger than 65 years with COPD (10, 11) . Because cardiac abnormalities clearly contribute to the overall morbidity associated with COPD, an understanding of their role and potential for treatment is vital.
RIGHT VENTRICULAR DYSFUNCTION Prevalence
Although RV dysfunction and PH are common in COPD, increases in mean pulmonary artery pressures (Ppa) tend to be mild to moderate. In a National Emphysema Treatment Trial (NETT) substudy, 90.8% of patients with severe emphysema had an Ppa greater than 20 mm Hg, and a small minority (5%) had an Ppa greater than 35 mm Hg (12) . Similarly, among a cohort of 998 patients with COPD (median FEV 1 5 50% of predicted) only 27 (2.7%) had secvere PH (Ppa > 40 mm Hg) (13) . Interestingly, more than half of these 27 patients had non-COPD etiologies explaining their severe PH. Previous estimates of the prevalence of PH in COPD had been 20 to 30%, with some evidence that pulmonary hemodynamics worsen with worsening airflow obstruction (1, 3, 14) . Overall, current data suggest that PH occurs commonly in COPD but that it is rarely severe.
Natural History
Few studies have examined the natural history of PH in COPD. Two studies have shown an annual increase in Ppa in COPD of 0.4 to 0.6 mm Hg per year (15, 16) . Weitzenblum and colleagues examined 93 patients with severe COPD who underwent two right heart catheterizations over a span of at least 2 years (15). Thirty-two patients had an Ppa greater than 20 mm Hg at entry. Overall, the group had an average increase in Ppa of 0.6 mm Hg per year. Kessler and colleagues examined 131 patients with moderate COPD and normal resting hemodynamics over 7 years (16) . Ppa increased 0.4 mm Hg per year. Thirty-three patients (25.2%) developed PH over the course of the study. Resting hypoxemia and exercise-induced PH were independent risk factors for the development of PH during follow-up. These studies illustrate that PH in COPD progresses slowly and occurs in milder as well as severe forms of the disease.
Prognosis
Multiple studies have now shown that the presence of PH in COPD has a negative impact on survival (1, (3) (4) (5) (6) (7) (8) . Data evaluating patients with COPD who have undergone right heart catheterization have consistently shown an inverse relationship between pulmonary artery pressure (Ppa) and survival (1, 3, 5) . In addition, noninvasive measures of PH in COPD, such as electrocardiogram, echocardiogram, and brain natriuretic peptide (BNP), have demonstrated similar finding with respect to survival (6) (7) (8) .
Pathogenesis
Hypoxia. Chronic hypoxia likely plays a role in the pathogenesis of PH in COPD by inducing vascular remodeling. Hypoxic vasoconstriction may become increasingly significant during exercise due to decreased mixed venous partial pressure of oxygen. Hypercarbia and acidosis may also cause elevations in Ppa either by amplification of hypoxic vasoconstriction or by stimulating hyperventilation (17, 18) .
Vascular remodeling. Structural changes in the small pulmonary arteries in lungs of patients with COPD have been described (19) . Both intimal and medial thickening have been described in the small pulmonary arteries of patients with COPD; however, intimal thickening with components of cellular hypertrophy and hyperplasia have been the most consistently demonstrated morphologic features (19, 20) . Similar features have been observed in pulmonary arteries in chronic hypoxemia. However, hypoxemia alone cannot account for all of these changes, because intimal thickening is observed in mild COPD, as well as in smokers without obstruction and with normal arterial oxygenation (21, 22) . It is also clear that morphologic changes in the pulmonary vascular bed are not solely responsible for the development of PH, because the correlations between Ppa at rest and morphometry are weak (19, 23, 24) .
Pulmonary artery endothelial dysfunction occurs in PH. For example, abnormal vascular ring relaxation in vitro inversely correlates with the degree of intimal thickening (25, 26) . Mediators important in pulmonary artery vasodilation, including nitric oxide synthase and prostacyclin synthase, are deficient in the COPD pulmonary vascular bed (26) (27) (28) . Endothelin-1, a potent pulmonary artery vasoconstrictor, occurs in higher concentrations in the tissue and serum of patients with COPD compared with normal subjects (29) . Vascular endothelial growth factor is increased in COPD lung tissue, and its level correlates with the degree of intimal thickening (30, 31) . Serotonin has also been implicated in the pathogenesis of pulmonary vascular remodeling in COPD because polymorphisms of the serotonin transporter (5-HTT) gene seem to correlate with the severity of PH (32) . Several studies now document the local role that inflammation plays in the COPD pulmonary vascular disease. Increases in vascular wall inflammatory cells are correlated with pulmonary arterial wall thickness as well as with abnormal vascular relaxation (33, 34) .
Elastic recoil. It has been proposed that, in emphysema, loss of tethering effect from reduced lung elastic recoil is partly responsible for the development of PH and subsequent RV dysfunction. For example, Sciurba and coworkers noted an improvement in RV function after lung volume reduction surgery (LVRS) associated with increased elastic recoil (35) . However, a larger study failed to demonstrate a correlation between elastic recoil and Ppa in patients being evaluated for LVRS as part of NETT (36) . In addition, compared with medical therapy (37), significant changes in pulmonary hemodynamics after LVRS have not been observed.
Dynamic hyperinflation. Dynamic hyperinflation is a wellknown consequence of severe emphysema. Gas trapping during exercise may lead to dynamic compression of the pulmonary arteries. In a study of 17 patients with COPD undergoing lung resection, none of whom had abnormal resting hemodynamics, those with severe small airway disease and emphysema developed exercise-induced PH (38) .
Assessment
Echocardiogram. Echocardiography is an attractive method for measuring right-sided pressures in patients and has been used as a screening tool for PH; however, the accuracy of echocardiography for assessing of pulmonary hemodynamics in COPD has recently been called into question (39) (40) (41) . In 374 patients being evaluated for lung transplant, an estimate of pulmonary artery systolic pressure was possible in only 38% of the patients with COPD. Furthermore, accuracy was only 56% compared with right heart catheterization (42). In 63 NETT patients, Fisher and coworkers compared echocardiographic and right heart catheterization measures of Ppa (43) . They found little correlation between the paired measures of Ppa. Compared with invasive measures, echocardiography had a sensitivity of 60% and a specificity of 74%. Thus, echocardiography cannot be recommended as a substitute for pulmonary artery catheterization in patients with emphysema.
Pulmonary artery catheterization. Right heart catheterization is considered the gold standard in the assessment of pulmonary hemodynamics. Although right heart catheterization is believed to provide the most accurate assessment of right-sided pressures, interpretation of pressure waveforms in patients with severe emphysema can be complicated by significant swings in pleural pressures due to hyperinflation and gas trapping in overly compliant lungs. Its invasive nature also precludes its routine use in the evaluation of COPD. Its use is reasonable, however, in patients in whom significant elevations are suspected or in patients being evaluated for potential LVRS or transplant.
BNP. BNP is now widely accepted as a diagnostic tool in the management of left ventricular dysfunction (44, 45) . The role of BNP in the assessment of RV dysfunction, particularly in the setting of chronic lung disease, is less clear. A recent study of patients with chronic lung disease showed BNP to be elevated in patients with significant PH and was a predictor of death (8) . This study was underrepresented in patients with both significant PH and COPD; however, the use of BNP as a biomarker of RV dysfunction in patients with chronic lung disease appears promising.
Treatment
Oxygen therapy. Long-term oxygen is the sole pharmacologic treatment that has been shown to improve survival in patients with COPD with severe hypoxemia (46, 47) . Although longterm oxygen has been shown to limit the progression of PH in hypoxemic patients with COPD, survival benefits have not been linked to any hemodynamic improvements (15) .
Vasodilators. Several selective pulmonary artery vasodilators are available for the treatment of PH. A theoretical concern of vasodilators in COPD is worsening gas exchange by impairing ventilation-perfusion matching (48) (49) (50) . Roger and colleagues administered inhaled nitric oxide to nine patients with COPD at rest and during exercise with a pulmonary artery catheter in place (50) . Although there was a significant decrease in Ppa at rest, there was also a significant drop in Pa O 2 . During exercise, improvements were observed in Ppa; however, Pa O 2 remained relatively constant, suggesting pulmonary blood flow redistribution to alveolar units with better ventilation. Intravenous prostacyclin has been used during acute COPD exacerbations in patients with Ppa greater than 30 mm Hg (48). Although a decrease in Ppa was observed, Pa O 2 was significantly decreased from baseline. More recently, Vonbank and colleagues randomized 40 patients with severe COPD to receive pulsed doses of inhaled nitric oxide and oxygen or placebo and oxygen over 3 months (49) . Patients randomized to the nitric oxide group showed improvements in Ppa, pulmonary vascular resistance, and cardiac output without any worsening in systemic oxygenation.
Diuretics. Peripheral edema in patients with COPD with RV dysfunction can be treated with diuretics. Care must be given in administering diuretics to this patient population, however, as increased RV afterload frequently requires higher filling pressures to maintain cardiac output. In addition, overuse of diuretics, particularly loop diuretics, may lead to metabolic derangements, such as metabolic alkalosis (51).
LVRS. Contradictory information exists regarding the development of PH after LVRS. Weg and coworkers reported an elevation in Ppa after surgery in nine LVRS patients (52) . Other studies have not duplicated this finding and some suggest an improvement in pulmonary hemodynamics (35, 53, 54) . Differences in the findings between these studies likely may relate to differences in patient selection, baseline lung function, and anatomic distribution of emphysema. Recent data from the NETT, which represents the largest prospective investigation of the effects of LVRS on pulmonary hemodynamics in patients with moderate to severe emphysema, showed no significant changes with LVRS (37). The NETT study did demonstrate, however, that, compared with baseline, post-LVRS improvements in Pa O 2 were correlated directly with improvement in RV ejection fraction and inversely with reduction in pulmonary wedge pressure. In addition, change in Ppa was inversely correlated with change in FEV 1 , whereas improvement in exercise capacity was significantly associated with decreased Ppa.
CORONARY ARTERY DISEASE Prevalence
Patients with COPD are also at increased risk for CAD and other smoking-related illnesses. In a recent large cohort of nearly 400,000 veterans with COPD admitted to a Veterans Administration (VA) hospital or VA clinic, the prevalence of CAD was 33.6%, significantly higher than the 27.1% prevalence seen in a matched cohort without COPD (55) . Others have also confirmed a high prevalence of CAD in COPD (11, (56) (57) (58) (59) .
Pathogenesis
Various studies have reported a strong link between the occurrence of COPD and the presence of CAD. The causal link between these diseases has historically been cigarette smoking, but the exact mechanisms have only recently been studied. Epidemiologic evidence supports the importance of systemic inflammation in the pathogenesis of atheroma formation and ischemic heart disease, and recent studies have indicated that patients with COPD have a prominent systemic inflammatory response (57, (59) (60) (61) (62) (63) (64) . C-reactive protein (CRP), a known marker of systemic inflammation (65) , for example, has been shown to be elevated in patients with both stable COPD and during exacerbation (66) (67) (68) (69) . Because elevations in CRP have been linked to CAD (70) , it appears as though the pathogenesis of both COPD and CAD may stem from enhanced systemic inflammation. Although data supporting the use of statin therapy for primary prevention of CAD are currently lacking, there are data showing that the use of statins reduces systemic inflammation as evidenced by reductions in CRP (71) (72) (73) (74) . In addition, the observation that the use of statin therapy is associated with a significant reduction in respiratoryrelated mortality after a COPD exacerbation further underscores the likely importance of inflammation in this disease (75) .
Assessment
Noninvasive assessment of coronary disease in COPD is problematic because patients with COPD are often ventilatory limited in exercise, and pharmacologic stress testing (including adenosine and dipyrimadole) may be associated with bronchospasm (76, 77) . Although a rigorous nurse-directed protocol may allow dipyrimadole testing to be done safely in some patients with COPD, it is not recommended in severe disease (77) .
Although recent data highlight the safety of dobutamine echocardiography in the general patient population, its safety and efficacy in COPD is not known (78, 79) . Hyperinflation accompanying COPD may limit the diagnostic accuracy of transthoracic echocardiography for detecting wall motion abnormalities with stress.
Recent data indicate that noninvasive 64-slice multidetector computed tomography (64-MDCT) coronary angiography has comparable diagnostic accuracy to traditional invasive quantitative coronary angiography (80) . However, its utility for assessing CAD in COPD has not been determined. Given the increasing recognition of the potential importance of CAD to the natural history of COPD, development of noninvasive techniques to assess coronary disease in this population is required.
Treatment
Although b-blockade plays a pivotal role in the management of CAD, there has been longstanding concern that it may precipitate bronchospasm in COPD. However, the use of cardioselective b-blockers such as atenolol and metoprolol, appears to be safe. Camsari and colleagues examined the use of metoprolol in 50 patients with COPD (mean FEV 1 , 50% of predicted) and found no adverse effects (81) . Two recent meta-analyses examining single-dose as well as chronic b-blocker treatment in patients with reactive airway disease and COPD demonstrated no evidence of adverse respiratory effects (82, 83) . In addition to their role in CAD, the use of b-blockers has become standard of care for most patients with left ventricular dysfunction (84) . Although most studies examining the use of b-blockers in heart failure have excluded patients with COPD, available evidence has shown that the use of nonselective a-and b-blockers such as carvedilol is safe in these patients, although caution should be used in patients with reversible airflow obstruction as in asthma (85) (86) (87) (88) . Given the demonstrated efficacy of these agents in CAD and heart failure, existing data suggest that these agents should not be routinely withheld in patients with concomitant COPD (89) .
Limited data exist regarding the safety and efficacy of coronary revascularization in COPD. Prospectively collected data on 183 patients with COPD undergoing percutaneous coronary intervention revealed no increase in in-hospital adverse cardiac outcomes; however, patients with COPD had increased long-term mortality when compared with those without COPD (90) . Likewise, surgical revascularization can be performed safely in patients with CAD and concomitant COPD, although long-term survival in patients with COPD is significantly reduced (91). Zhu and colleagues performed a retrospective analysis comparing conventional coronary artery bypass grafting (CABG) with off-pump CABG in COPD, and found fewer postoperative respiratory complications and a higher Pa O 2 /FI O 2 ratio with off-pump CABG (92) .
CARDIAC DYSRHYTHMIAS General
COPD increases the risk of cardiac dysrhythmias. Although the risk is clearly elevated during an acute exacerbation or thoracic surgery, a fairly high rate of rhythm disturbances exists in patients with COPD even while stable. The pathogenesis of dysrhythmias in COPD is likely multifactorial and includes a number of risk factors such as hypoxemia, acidosis, and reduced FEV 1 (93) . Multifocal atrial tachycardia (MAT) is often found in COPD and has been frequently described during times of exacerbation (94, 95) This is important to recognize, because patients with COPD and MAT have a high mortality rate (94) .
Treatment
The general approach to treating dysrhythmias in COPD is similar to that used in the general population. However, there are a number of special considerations in COPD. Supraventricular tachyarrhythmias (SVTs) are common after CABG in COPD (96) . Although these rhythms are often benign in the non-COPD patient, in COPD, these SVTs (commonly atrial fibrillation and MAT) may persist for a long period of time and cause hypotension, systemic embolization, congestive heart failure, and anxiety and may lengthen the postoperative hospitalization period (96) . A recent randomized controlled trial has demonstrated that post-CABG amiodarone prophylaxis in patients with COPD significantly reduces the incidence of SVT, MAT, as well as hospital and ICU-related length of stay (96) .
The treatment of MAT focuses primarily on managing the precipitating cause of the rhythm disturbance. MAT is not amenable to cardioversion and can be successfully rate controlled with b-blockers or diltiazem (94) . Other options include amiodarone and high-dose magnesium (94) . Medically refractory MAT has been successfully treated with catheter-directed radiofrequency ablation, which may improve quality of life and left ventricular function in selected patients. Furthermore, this approach appears to be cost-effective and consumes fewer health care resources (97) .
Respiratory Treatment and Dysrhythmias b 2 -Agonists. The relationship between b-agonist use and cardiovascular complications is controversial. Salpeter and colleagues recently published a meta-analysis of 18 randomized trials involving b 2 -agonist use in COPD (98) . The majority of the trials examined the use of long-acting b 2 -agonists. The authors found an increased incidence of tachycardia and hypokalemia among subjects taking b 2 -agonists and hypothesized that these abnormalities could contribute to an increase in cardiovascular deaths among b 2 -agonist users (98) . Nevertheless, this speculation has been largely refuted by the recently published TORCH (TOwards a Revolution in COPD Health) study, in which more than 6,000 patients with COPD were randomized to salmeterol, fluticasone, combination salmeterol-fluticasone, or placebo (99) . Overall mortality, cardiovascular mortality, and cardiovascularrelated adverse events were no greater in the salmeterol group compared with any of the other groups.
Oral corticosteroids. A relationship has been reported between high-dose corticosteroid (.7.5 mg/d prednisone or equivalent) and development of atrial fibrillation. The risk of new-onset atrial fibrillation was significantly higher in those who received a corticosteroid prescription within the preceding month and was independent of the indication for prescription (100). A similar relationship was reported with using corticosteroids and the onset of atrial fibrillation and ventricular arrhythmias. Of note, this study showed no increased arrhythmogenicity of inhaled corticosteroids (101) . The etiology of arrhythmias associated with the use of systemic steroids is unknown, but several mechanisms have been proposed, including local potassium efflux, mineralocorticoid effect leading to hypertension, development of late potentials, vasodilation, and possible anaphylaxis (102) (103) (104) (105) .
Theophylline. Theophylline can predispose to tachyarrythmias even in the absence of elevated serum drug levels. For example, short-term use of theophylline is associated with increased arrhythmias, in particular atrial fibrillation (101) .
CONCLUSIONS
The spectrum of cardiovascular complications associated with COPD is clearly broad. RV dysfunction and pulmonary vascular disease are common in COPD and progress with time, although their clinical significance is unclear. Although patients with COPD with PH appear to have increased mortality, specific therapies aimed at ameliorating pulmonary vascular disease in this patient population have been met with mixed results. Other cardiac diseases found frequently in patients with COPD, including CAD and arrhythmias, present a unique challenge for clinicians, as the combination of both pulmonary and cardiac disease appears to be additive with regard to morbidity and mortality.
